Treeline ecotones, such as the prairie-forest boundary, represent climatically sensitive regions where the relative abundance of vegetation types is controlled by complex interactions between climate and local factors. Responses of vegetation and fire to climate change may be tightly linked as a result of strong feedbacks among fuel production, vegetation structure and fire frequency/severity, but the importance of these feedbacks for controlling the stability of this ecotone is unclear. 2 In this study, we examined the prairie-forest ecotone in south-central Minnesota using two lake sediment cores to reconstruct independent records of climate, vegetation and fire over the past 12 500 years. Using pollen, charcoal, sediment magnetic analyses and LOI properties, we investigated whether fires were controlled directly by climate or indirectly by fuel production. 3 Sediment magnetic and LOI data suggest four broad climatic periods occurring c . 11 350 -8250 BP (cool / humid), c . 8250-4250 BP (warm /dry), c . 4250-2450 BP (warm / humid), and c . 2450-0 BP (cool/humid), indicating that, since the mid-Holocene, climate has shifted towards wetter conditions favouring greater in-lake production and fuel production on the landscape. 4 The area surrounding both lakes was characterized by boreal forest c . 12 500-10 000 BP, changing to an Ulmus-Ostrya forest c . 10 000-9000 BP, changing to a community dominated by prairie ( Poaceae-Ambrosia-Artemisia ) and deciduous forest taxa c . 8000-4250 BP, and finally shifting to a Quercus -dominated woodland/savanna beginning c . 4250-3000 BP. 5 Charcoal influx increased from an average of 0.11-0.62 mm 2 cm − 2 year − 1 during the early Holocene forest period ( c . 11 350-8250 BP) to 1.71-3.36 mm 2 cm − 2 year − 1 during the period of prairie expansion ( c . 8250-4250 BP) and again increased to 4.18-4.90 mm 2 cm − 2 year − 1 at the start of the woodland/savanna period ( c . 4250 BP). 6 As a result of the influence of climate on community composition and fuel productivity, changes in fire severity may be the result and not the cause of shifts in vegetation.
Introduction
Grassland /woodland boundaries represent climatically sensitive regions where the relative abundance of vegetation types is controlled by complex interactions among regional factors (climate) and local factors (fire, vegetation structure, grazing, seed dispersal and land use change) (Gleason 1913; Grimm 1983 Grimm , 1984 Archer 1990; Baker et al . 1992; Peterson & Reich 2001) . In North America, this ecotone ranges in width from 50 to 100 km and consists of an often-varied mosaic of prairie and forest stretching from Alberta to Texas (Anderson 1982) .
Climate warming of 1.4 -5.8 ° C over the next century (IPCC 2001a; Knutti et al . 2002; Stott & Kettleborough 2002) has the potential to initiate large-scale changes in vegetation and fire regimes in semiarid regions (Overpeck et al . 1990; Pitelka et al . 1997; Flannigan et al . 2000; IPCC 2001b; Walther et al . 2002) . For instance, moisture deficits promote strongly negative xylem pressure potentials, which induce hydraulic cavitation and constrain treelines (Sperry & Sullivan 1992; Bragg et al . 1993; Sperry et al . 1994; Pockman & Sperry 2000) . Climate also controls fire frequency (Clark 1988a (Clark , 1990 , which can determine the relative abundance of prairie and forest species (White 1983; Faber-Langendoen & Davis 1995; Peterson & Reich 2001; Briggs et al . 2002) and may have mediated expansion of deciduous forest taxa into prairie in Minnesota following Little Ice Age (LIA) cooling (Grimm 1983) .
Local factors and indirect responses to climate may make it difficult to predict the timing and direction of responses to future climate change at grassland/woodland boundaries (Camill & Clark 2001) . Fire frequency and severity may be controlled by fuel load and type (Johnson & Risser 1975; Streng & Harcombe 1982; Fonteyn et al . 1984; Umbanhowar 1996; Archer 1990; Clark et al . 2001) , suggesting that climate might have a significant indirect effect on fire by controlling community composition and ecosystem productivity. In this case, vegetation change may directly control fire dynamics, which, in turn, can feed back on vegetation change (Dale et al . 2000) . The invasion of tallgrass prairie in Kansas by Quercus macrocarpa and Q. muhlenbergii seedlings is not limited by soil moisture in most years, but rather by fire frequency, herbivory and seed predation (Danner & Knapp 2001) . Landscape heterogeneity, such as fire breaks associated with water bodies or slopes, may provide refuges and slow the transition of one vegetation type to another (Grimm 1984; Clark 1990) .
Predicting future dynamics at grassland/woodland boundaries is difficult in modern systems because the time scales of variation in climate, fire and vegetation change often exceed the duration of instrumented records and field experiments, and most areas are highly fragmented by agriculture. Multi-proxy palaeoecological records from lake sediments offer sufficiently long, high-resolution records for understanding dynamics of this ecotone (Almendinger 1990 (Almendinger , 1992 AlmquistJacobson et al . 1992; Clark et al . 2001; Geiss et al . in press) . The glacial landscape of the upper mid-western USA has received considerable attention from palaeoecologists studying climate, fire and vegetation at the prairie-forest ecotone (Jelgersma 1962; Wright et al . 1963; McAndrews 1968; Wright & Watts 1969; Amundson & Wright 1979; Swain 1979; Grimm 1983; Webb et al . 1983; Bartlein et al . 1984; Grimm 1984; Winkler et al . 1986; Almendinger 1992; Baker et al . 1992; Wright 1992; Bartlein & Whitlock 1993; Camill & Clark 2001; Clark et al . 2001; Baker et al . 2002) .
Results from these studies indicate substantial climatic and vegetation changes in the upper mid-western USA over the past 12 000 years. Reconstructions of climate and lake-levels indicate cool and moist conditions from the late glacial period until approximately 8500-7800 BP, when average summer and winter temperatures increased by 0.5 -2 ° C and 5-10 ° C, respectively, accompanied by a drop ( c . 50-100 mm) in annual precipitation (Bartlein et al . 1984; Winkler et al . 1986; Bartlein & Whitlock 1993; Webb et al . 1993; Schwalb & Dean 2002) . Maximum aridity (warm and dry) occurred between 7000 and 4500 BP, although brief warm, wet periods were recorded for Elk Lake, Minnesota, at 6750 -6250 BP and again 5400 -4800 BP. Beginning at c . 4500 BP, January temperatures and annual precipitation rose again (warm and moist) initially to exceed modern values until 3500 BP, when temperature and precipitation dropped essentially to match modern values. Changes in climate had a large impact on the geographical location of the prairieforest border. Baker et al . (1992 Baker et al . ( , 2002 proposed two modes of prairie expansion resulting from changes in air mass boundaries. Sites in north-central Iowa (Clear Lake) and central Minnesota (Kirchner Marsh) showed maximum prairie expansion between 8000 and 5500 BP as a result of warm, dry Pacific air, which was blocked by tropical Caribbean air bordering north-eastern Iowa, south-eastern Minnesota and southern Wisconsin (Fig. 1a) . Sites dominated by Caribbean air, however, supported hardwood forest taxa in this south-eastern region until c . 5500 BP, when the Caribbean air boundary relaxed, possibly as a result of a diminishing Laurentide ice sheet, expanding continental summer low pressure, and shifting of westerly flow (dry Pacific air) south-eastwards (Wright 1992) , causing an attendant rise in prairie taxa between 5500 and 3000 BP at Roberts Creek (Iowa) and Devils Lake and Lima Bog (Wisconsin) (Fig. 1a , Baker et al . 1992) .
Despite large changes in climate and vegetation, however, the causal links between fire frequency/severity and vegetation dynamics in response to changes in climate are not entirely clear. Using fossil pollen from two lake sediment cores, Grimm (1983) reconstructed the past 5600 years of vegetation dynamics in central Minnesota (Wolsfeld and French lakes, Fig. 1b) . The mid-19th century, pre-settlement prairie-forest border in this region was characterized as a landscape mosaic of tallgrass prairie, oak savannas and bigwoods, a northern deciduous forest assemblage dominated by Quercus , Ulmus , Acer saccharum , Fraxinus and Tilia (Marschner 1974) (Fig. 1b) . Throughout this paper, our nomenclature is consistent with that of Grimm (1983 Grimm ( , 1984 , who differentiates between the 'Big Woods' region ( Fig. 1b) and 'bigwoods' forest taxa. His analyses showed expansion of bigwoods taxa at approximately 1600 AD, but more recent work (Umbanhowar 2003) suggests that the shift to a more forested landscape began c . 1200 AD and that the timing of bigwoods forest expansion was variable among sites. Grimm (1983) attributed the expansion of bigwoods taxa to a long-term decrease in fire frequency, although he did not quantify fire in his cores to test this hypothesis. He speculated that fire frequency at this ecotone was probably controlled by climate, specifically by decreased precipitation : evaporation ratios, that may have been associated with LIA cooling. Clark et al . (2003) used pollen and charcoal records from three lakes spanning the modern prairie-forest border in North Dakota, Minnesota and Wisconsin, to suggest that fire severity has been controlled by fuel production and moisture.
Determining the relative importance of climate vs. fuel production vs. community composition on fire has important consequences for understanding vegetation dynamics. For example, if fire severity (biomass consumed) and frequency correlate with aridity, prairies should expand at the expense of forest because of recruitment limitations imposed by fire and aridity. Alternatively, because of the flammability of fine fuels, fire severity might rise with the shift from forests to prairie, which is an indirect effect of climate on fire mediated by changes in community composition. Furthermore, if humid conditions lead to higher productivity and greater fire severity, this might sharpen the grassland/woodland boundary. The fuel production hypothesis assumes a positive correlation between net primary production (NPP) and precipitation, which has been well documented for prairie regions in North America (Briggs & Knapp 1995; Burke et al . 1998; Paruelo et al . 1999; Fay et al . 2000; Lane et al . 2000; Knapp et al . 2001) . However, humid periods could also favour increased recruitment and expansion of forest taxa, which, because of lower litter flammability (Streng & Harcombe 1982; Fonteyn et al . 1984) , could decrease fire frequency/severity and lead to greater forest recruitment (Grimm 1983) . These hypotheses can be tested directly by examining relative changes in the timing and magnitude of climate change, community composition and fire severity. Unfortunately, most palaeoecological studies to date have been limited by the lack of climate or fire records required for fully characterizing these kinds of climate-fire-vegetation interactions. Fig. 1 (a) Location of study region (outlined square) along the modern prairie-forest ecotone (dark line) in Minnesota in relation to previously described sites discussed in this paper from the upper mid-western USA (see text for references): (1) Elk Lake, (2) Williams and Shingobee Lakes, (3) Parkers Prairie sandplain, (4) Clear Lake, (5) Roberts Creek, (6) Devils Lake, and (7) Lima Bog. Dashed line separates regions where maximum prairie expansion occurred between 8000 and 5500 BP in the north and west from those where it occurred from 5500 to 3000 BP in the south and east (modified from Baker et al. 2002) . (b) Inset shows the location of Kimble Pond and Sharkey Lake with respect to the pre-settlement geographical ranges of the Big Woods region (black), oak woodland (grey), and prairie (white) in south-central Minnesota (Marschner 1974; Grimm 1984) and previously described sites discussed in this paper (see text for references): (8) French Lake, (9) Rutz Lake, (10) Stone Lake Tamarack Swamp, (11) Pogonia Bog Pond, (12) Wolsfeld Lake, (13) Lake Carlson, and (14) Kirchner Marsh.
In this study, we examined the prairie-forest ecotone in south-central Minnesota using two lake sediment cores to reconstruct independent records of climate, vegetation and fire over the past 12 500 years. We took advantage of a late glacial and Holocene climate reconstruction based on multiple sediment magnetic properties (Geiss et al . 2003) . We used pollen analysis to describe landscape-scale vegetation change during periods of climate change. Macroscopic charcoal analysis enabled us to test if fire severity changed significantly across broad climatic changes and whether fire severity was controlled mostly by aridity during xeric periods, fuel production and moisture during humid periods ( sensu Clark et al . , 2001 , or changes in community composition. Finally, we examined the stability of this ecotone, in terms of community composition, throughout the Holocene and asked whether stability is affected by fire severity.
Study region
We analysed sediment from two lakes located on the west and east sides of the prairie-forest border in south-central Minnesota near the towns of Mankato and New Market (Fig. 1b) . Kimble Pond (44 ° 13 ′ 15 ″ N, 93 ° 50 ′ 24 ″ W) and Sharkey Lake (44 ° 35 ′ 39 ″ N, 93 ° 24 ′ 49 ″ W) are kettle lakes that formed in the Altamont stagnation moraine of the Des Moines lobe during the last phase of the Wisconsin glaciation (Hobbs & Goebel 1982) . Kimble Pond has an area of 4.9 ha with a maximum depth of 16 m. Vegetation surrounding the lake consists of a mosaic of oak woodland ( Quercus macrophylla ) and bigwoods taxa ( Tilia americana , Ulmus americana , Acer saccharum and Fraxinus pennsylvanica ) within an agricultural landscape ( Zea mays and Glycine max ). Sharkey Lake has an area of 28 ha and consists of two basins with a maximum depth of 15 m in the south-east basin and a maximum depth of c . 1-2 m in the northern basin. This lake also lies within an agricultural landscape, but oak woodland is more prominent relative to bigwoods vegetation at this site (Fig. 1B) .
Lithology for these sites has been described previously (Geiss et al . 2003) , and only a brief description is provided here. Sediment at Kimble Pond consisted of late-Pleistocene to early Holocene (> 9500 BP) black-laminated diatomaceous ooze, followed by black-laminated to partially laminated diatomaceous silt deposited during the early to mid-Holocene (9500 -4000 BP). Late Holocene (< 4000 BP) sediment consisted of fibrous gyttja and black-banded diatomaceous silt and clay. At Sharkey Lake, early sediment (> 8500 BP) consisted of grey, partially laminated silt with diatoms and very dark grey, massive diatomaceous ooze. Early Holocene (11 000-7500 BP) sediment consisted of very dark grey, finely laminated diatomaceous ooze, changing to partially laminated diatomaceous ooze and silt (7500 ka −3500 BP). Late Holocene (< 3500 BP) sediment consisted of massive black silt with diatoms.
Methods

   
Multiple overlapping sediment cores (18.53 m from Kimble Pond and 15.66 m from Sharkey Lake) were obtained from the deepest point of each basin in January of 2000, 2001 and 2002 using a clear polycarbonate piston corer to sample flocculent sediments at the surface and a modified Livingston corer to collect sediment at depth (Wright et al. 1984) . Cores were split and stored at 4 °C until analysed. Age control for Kimble and Sharkey is based on nine accelerator mass spectrometry (AMS) 14 C dates for each lake obtained from wood macrofossils, seeds, leaves and charcoal ( Table 1) . The post-settlement rise in Ambrosia pollen at c. 90 BP (AD 1860) was also used as a chronological marker. Radiocarbon dates were calibrated using CALIB vs. 4.3 (Stuiver et al. 1998; Stuiver et al. 1999) , and all dates reported in this paper are expressed in calendar years BP. To assemble independent records of climate, fire and vegetation, we analysed magnetic properties, loss on ignition, fossil pollen and macroscopic charcoal. Unless otherwise noted, samples for these analyses were taken roughly every 10 cm, which resulted in a mean resolution between successive samples of 75 ± 5 years in Kimble and 85 ± 9 years in Sharkey sediments.
 
We measured three magnetic properties useful for reconstructing Holocene climate change at these sites (Banerjee et al. 1981; Thompson & Oldfield 1986; Geiss & Banergee 1999; Geiss et al. 2003) . Low-field magnetic susceptibility was measured using a Kappabridge, model CLY-2 (Geofyzika, Brno, Czech Republic). Isothermal remanent magnetization (IRM) was acquired in a magnetic field of 100 mT and used to estimate the concentration of magnetic minerals. Anhysteretic magnetic remanence (ARM) was acquired in a peak alternating field of 100 mT and a bias field of 50 mT. It was imprinted using a D-2000 alternating field demagnetizer (D-Tech Inc., Jamestow RI, USA), and all remanence parametres were measured with a model 760-R cryogenic magnetometre (2G Enterprises, Mountain View, CA, USA). Magnetic susceptibility and IRM were used to estimate the abundance of magnetic minerals. The concentration-independent ratio of ARM/ IRM was used to characterize the relative abundance of fine-grained (i.e. single domain, SD) magnetic particles with respect to coarser (pseudo-single-domain, PSD, and multidomain, MD) magnetic grains. Low ratios of ARM/IRM indicate a significant fraction of coarse-grained particles, and vice versa (Özdemir & Banerjee 1982; Geiss & Banergee 1999; Geiss et al. 2003) . For these analyses, cores were sampled contiguously at 1-2 cm spacing (c. 5-to 15-year resolution).
We used loss on ignition (LOI) to measure organic and inorganic sediment fractions (Dean 1974 ). The organic fraction was determined by the fraction of dry mass loss at 550 °C, CaCO 3 was determined based on mass loss at 1000 °C, and the residual inorganic fraction was estimated as the fraction of dry mass remaining following combustion. Percentage of biogenic silica from diatoms was measured to further describe the residual inorganic sediment fraction. Silica was extracted from 30-mg samples of freeze-dried sediment using a 1% solution of Na 3 O 2 (Conley & Schelske 1993) , and the concentrations were measured colorimetrically (McKnight 2000) using autoanalysis (Lachat Instruments, Milwaukee, WI, USA). Estimates of percentage of silica were based on an average of 3, 4 and 5-h extracts.
 
Pollen analysis was conducted on 0.5-cm 3 samples using standard palynological methods (Faegri et al. 1989; Shane 1992) modified to include an additional sieving step with 8-µm Nitex to remove detritus. Between 302 and 1120 endogenous grains were counted per slide (mean = 471), and an exogenous spike (Eucalyptus globula) was used to calculate pollen concentration and influx. We report changes in pollen percentages for main taxa and summary classes only; full pollen diagrams for Kimble Pond and Sharkey Lake can be retrieved from the North American Pollen Database (2003) .
 
Macroscopic charcoal analysis was conducted on 1.0-cm 3 samples following the methods of Clark & Hussey (1996) . Sediment samples were soaked in a 10% KOH for 24 h and sieved with a 180-µm screen. Sieved material was spread over the bottom of a gridded Petri plate, and charred particles were identified at × 20 magnification using a stereoscope. Digital images of the charcoal were made, and charcoal area and shape were measured from these images using SCION image analysis software. Area measurements are reported as concentrations (mm 2 cm −3
) based on the volume of sediment analysed. Charcoal influx rate (mm 2 cm −2 year −1
) was calculated by multiplying concentration and sedimentation rate. Charcoal concentration and influx values were also smoothed with a 200-year averaging filter to estimate background levels that represent regional source areas (Clark 1988b; Clark & Royall 1994 , 1996 Clark & Hussey 1996; Clark et al. 1998) . Throughout this paper we use charcoal concentration and influx as measures of landscape-level fire severity, a proxy for biomass consumed.
Theory of charcoal particle transport (Clark 1988b; Clark & Patterson 1997) combined with measurements of charcoal transport in experimental burns (Clark et al. 1998) indicate that 180-µm sieved charcoal records local fires within tens to hundreds of metres from lake edges. For small lakes, charcoal may provide a more local record of fire (Whitlock et al. 1997 ) compared with vegetation with pollen source areas of tens to hundreds of metres (Prentice 1985; Jackson & Lyford 1999) . We are confident that our records of charcoal are capable of detecting the influences of changing climate, however, because local vegetation is likely to be affected by changes in climate, and multiple lakes allow us to identify regional trends in fire. We could not estimate fire frequency or return interval with data analysed in this study. Identifying unique fire events is difficult in prairie where background charcoal levels are high. Moreover, sample resolution in this study (74 -85 years) was too coarse to assess changes in fire frequency characteristic of this ecotone. Finally, fire return interval is sensitive to sedimentation rates, which varied with depth. Therefore, our analysis of fire is limited to severity and not frequency.
 
To determine if charcoal concentration and influx changed with climate, we developed a robust, nonparametric procedure using S-Plus (Insightful Corp., Seattle, WA, USA) based on bootstrap resampling (Efron & Tibshirani 1993) to test whether mean charcoal concentrations and influx from different climatic periods deviated from a null hypothesized mean difference of zero (H o : µ 2 − µ 1 = 0; H a : µ 2 − µ 1 ≠ 0). Classical means comparisons, such as  contrasts, cannot be performed on time-series data because serial autocorrelation violates parametric assumptions of independence. For each lake, we calculated the mean charcoal concentration and influx for each climatic period identified with the sediment magnetic analysis, and we determined the difference in mean values using pairwise comparisons among all climatic periods. Charcoal data in each climatic period were resampled with replacement, and the above procedure was repeated 1000 times to bootstrap 95% confidence intervals on µ 2 − µ 1 . Climatic periods with significant mean differences in charcoal concentration and influx were identified by confidence intervals that did not bound zero.
Results
 
The age-depth relationship was best fit with a third order polynomial for Kimble Pond (r 2 = 0.995, Fig. 2a) . A minor reversal (< 155 years) occurred between 21.54 and 21.74 m, suggesting that the charcoal in sample CAMS 69888 might have contained trace amounts of older, reworked charcoal or charcoal transported to the lake later than the fire event (Whitlock & Millspaugh 1995) . Sedimentation rates at the bottom 3 m of Sharkey Lake were slow compared with the upper 12 m (Fig. 2b) . Instead of linearly interpolating sedimentation rates, which resulted in sharp, local changes in sedimentation rate throughout this core, we fitted two separate second-order polynomial functions to the data (Fig. 2b , r 2 = 0.99, r 2 = 0.95). The 18.53-m sediment record from Kimble Pond represented continuous deposition over the past c. 12 500 years BP (Fig. 2) , with sedimentation rates ranging from 0.067 to 2.37 cm year ). The 15.66 m of sediment in Sharkey Lake also showed continuous deposition over the past c. 13 000 years BP but with lower sedimentation rates ranging from 0.015 to 0.37 cm year −1 (2.3-68 year cm 
  ,   ,  
Four distinct climatic periods were identified based on changes in the concentration and particle-size of magnetic minerals present in the sediment, which can be used as a proxy for biogenic productivity and the input of terrigenous minerals (derived from surrounding landscapes) (Geiss & Banerjee 1999; Geiss et al. 2003) . During warm and humid periods the watershed of the studied lakes was covered by forest vegetation, erosion of terrigenous material into the lake was low and the lake sediment consisted mainly of organic matter and authigenic magnetic minerals, such as magnetite. These magnetite particles are very small (SD) grains (d < 0.1 µm) and occur in low concentrations. The resulting magnetic signature is defined by low values of concentration-dependent magnetic parameters (magnetic susceptibility, ARM and IRM) and high ratios of ARM/IRM, a concentration-independent parameter, highly sensitive to small (SD) grains. During dry periods, erosion and dust deposition increased and lake sediment contained a high fraction of large (MD) grains (d > 10 µm). This increased input of MD grains is reflected in high values of all concentration-dependent parameters and a drop in ARM/IRM. The model is discussed in detail by Geiss et al. (2003) .
At Kimble Pond low values of IRM and high ratios of ARM/IRM between 11 700 and 8500 BP and 4500 and 2800 BP indicate that the sediment is characterized by fine-grained, single-domain, authigenic magnetic minerals (Fig. 3a) . These sediments resulted from low rates of erosion and imply a relatively humid climate. Mid-Holocene aridity and the associated increase in erosion rates and /or eolian dust deposition result in an up to fivefold increase in IRM and a drop in the ARM/ IRM ratio between 8500 and 4500 BP. During this period sediment magnetic properties reflect the input of coarse-grained, multidomain magnetic minerals typical of the surrounding soils and glacial deposits. Values for ARM/IRM and IRM from 2800 to 0 BP suggest intermediate climatic conditions. At Sharkey Lake, shifts in magnetic properties occurred c. 500-700 years later than in Kimble Pond (Fig. 3b) , possibly reflecting later changes in climate at the eastern edge of the prairie-forest border, uncertainties in the age-depth models (Fig. 2) , or differences in timing between changing vegetation and magnetic properties. The early Holocene climate signal is less resolved due to low sedimentation rates, but ARM/ IRM ratios were high during 11 000-8000 BP, which implies a relatively humid climate. The mid-Holocene period of maximum aridity is characterized by a pronounced increase in IRM and lower ratios of ARM/ IRM between 8000 and 4000 BP. The most recent 4000 years are characterized by two periods of increased ARM/IRM ratios (4000 -2100 BP and 2100-0 BP), suggesting possible humid conditions beginning around 4000 BP (Fig. 3b) . The probable climatic progression from cool/humid (c. 11 350 -8250 BP), warm /dry (c. 8250-4250 BP), warm/humid (c. 4250 -2450 BP), and cool/humid (c. 2450 -0 BP) has also been documented for other lakes in Minnesota (Elk, Williams and Shingobee, Parkers Prairie sandplain, Fig. 1a ) based on pollen-derived reconstructions of temperature and precipitation (Bartlein et al. 1984; Bartlein & Whitlock 1993; Webb et al. 1993) , lake levels (Digerfeldt et al. 1992; Webb et al. 1993) , and δ
18
O and δ 13 C isotopic fractionation in ostracode valves (Schwalb et al. 1995; Schwalb & Dean 2002) .
Loss-on-ignition data support our climatic interpretation. At both lakes, the organic fraction correlated with the ARM / IRM ratios (r 2 = 0.43 for Kimble, r 2 = 0.50 for Sharkey, P < 0.0001 for both lakes), suggesting greater autochthonous carbon production during humid conditions (Fig. 3c,d ) when lake levels were higher (Digerfeldt et al. 1992; Webb et al. 1993 ). The organic fraction was greater in Sharkey Lake compared with Kimble Pond over the most recent 3000 years. Precipitation of CaCO 3 tended to be highest during arid conditions in the mid-Holocene when ARM/IRM ratios were low, but this pattern was weak (Fig. 3e,f ) . The remaining inorganic fraction fluctuated inversely with ARM/IRM, suggesting the bulk of mineral deposition occurred during the relatively xeric period c. 8250 -4250 BP (Fig. 3g,h ). The inorganic fraction was also high over the past 3000 years. Relatively small changes in biogenic silica fraction from about 8500 -8000 BP to the present imply that inorganic mineral fluctuations were largely terrestrial in origin (Fig. 3i,j) .
  
Charcoal concentration in both lakes showed a statistically significant peak between approximately 4000 and 3000 BP (Fig. 3k ,l, P < 0.05), and it changed significantly across climatic periods (Table 2) . For Kimble Pond, tests for differences in mean charcoal concentration were significant in all but one comparison (Table 2 , P < 0.05), which represented two humid periods as inferred from large values of ARM / IRM ratio (Fig. 3a) . Sharkey Lake showed a similar trend in mean concentrations, but the single lack of significant difference occurred for a different comparison (Table 2 , Fig. 3l , P < 0.05), and, unlike Kimble Pond, there was a significant difference in mean charcoal concentration between recent (2100-0 BP) and early Holocene sediments (11 000-8000 BP) (P < 0.05). Similar trends in charcoal at both lakes indicate that source areas were large enough to detect regional changes in fire associated with climatic changes.
Charcoal influx indicated that fire severity was greatest during the warm/wet period c. 4250-2450 BP and lowest in the cool/wet early Holocene (c. 11 350-8250 BP) for both lakes (Table 3) . Influx was statistically greatest c. 4500-2800 BP at Kimble Pond (P < 0.05) compared with the other three climatic periods (Table 3) . Sharkey Lake charcoal influx rose rapidly at 8000 BP and remained high during the warm/dry mid Holocene (8000-4000 BP, Fig. 3n) . Thus, the period of maximum mean charcoal influx at Sharkey Lake (4000-2100 BP) was marginally significantly greater (P = 0.06) compared with mean influx during the midHolocene (Fig. 3n, Table 3 ). In contrast, mean influx was statistically lowest in the early Holocene for both lakes (P < 0.05, Table 3 ). Influx at Kimble Pond was not significantly different between the 2800-0 BP and 8500 -4500 BP comparison (Tables 3, P > 0.05).
 
Pollen percentages for major taxa and summary classes showed large changes corresponding to climatic changes derived from magnetics analyses (Fig. 4) . At Kimble Pond, the shift from boreal taxa following deglaciation to a deciduous forest dominated by Ulmus, Fraxinus, Ostrya/Carpinus, Carya and Quercus occurred between c. 11 000 and 9000 BP. During this period, both charcoal concentration and influx were low (Fig. 3k, m) . It was followed by a rise in herbaceous prairie taxa beginning c. 9000-8000 BP that peaked for most taxa c. 7000-6000 BP during the mid-Holocene climate warming (Fig. 4) . Pollen percentages ranging from 1 to 5% for taxa such as Acer, Fraxinus, Carya, Tilia and Ulmus indicated the continued presence of these taxa within the landscape. Shrubs, seedless vascular, and aquatic taxa constitute relatively minor fractions of total pollen sum. Variance in pollen percentages for each taxon was, in general, highest for prairie taxa, shrubs and aquatic taxa during the warm/dry period between 8500 and 4500 BP, which could have been associated with increased seasonality and possibly greater variability in precipitation during the midHolocene (Fig. 4 , Kutzbach & Webb 1993) . Herbaceous taxa pollen percentages decreased between 4500 and 3000 BP, with deciduous tree types, including Tilia, Ostrya/Carpinus, Carya, and especially Quercus, increasing in abundance during the same period. Fire severity was at its highest levels in the Holocene during this transition (Fig. 3k,m) . The most recent 3000 years were characterized by expansion of Quercus and Pinus and declines in most deciduous tree taxa. Bigwoods taxa, including Ulmus, Tilia and Ostrya increased prior to settlement, while Quercus declined. The recent expansion of herbaceous taxa coincided with settlement, land clearing and agriculture. Vegetation changes at Sharkey Lake showed similar correlations with climate, but some important differences with Kimble Pond existed. The early Holocene shift from boreal to deciduous tree taxa occurred between 11 000 and 8000 BP (Fig. 4) . Fire severity was very low during this transition (Fig. 3l,n) . Unlike Kimble Pond, the peak in herbaceous prairie taxa occurred earlier and more rapidly, beginning at c. 8000 BP, and these taxa showed less overall variability in pollen percentages than in Kimble sediments. Grasses also achieved greater and more consistent dominance at Sharkey Lake: 20-30% of the total pollen sum compared with 10 -20% at Kimble Pond (Fig. 4) . The timing of the shift from forest to prairie corresponded with the rapid influx of mineral material (Fig. 3b) and increased charcoal influx (Fig. 3n) . Like Kimble Pond, pollen for bigwoods forest taxa persisted at 1-10%, indicating their continued presence within the landscape. Herbaceous taxa were dominant throughout the mid-Holocene, and of particular note is the rise in Typha pollen percentages, indicating its increased dominance in the shallow northern basin of the lake. Typha and herbaceous taxa declined significantly after c. 4000 BP, coincident with declining mineral input, a further increase in fire, and greater organic influx (Fig. 3b,d ,l,n, Table 3 ). Some deciduous tree species, including Tilia, Ostrya/Carpinus and Quercus, expanded in abundance around this time (Fig. 4) . The most recent 2000 years were characterized by a shift to an oak-dominated woodland with minor presence of bigwoods and herbaceous species (Fig. 4) . This shift coincided with declining mineral influx, increased relative abundance of fine particles (ARM/IRM), decreased fire severity, and high organic influx. Pollen concentrations in both lakes were highest before 8000 BP because of slower sedimentation rates (Fig. 5a,b) . Pollen influx was more variable at Kimble Pond, with increased rates between 4000 and 2000 BP, and in post-settlement sediment (Fig. 5c) . Pollen influx peaked around 7600 BP at Sharkey Lake (Fig. 5d) .
Pollen records from Kimble Pond and Sharkey Lake, compared with other lakes from the upper mid-west, further clarify the timing and geographical location of the prairie-forest border in this region. Six pollen records from south-central Minnesota (Fig. 1b) , including Kirchner Marsh and Lake Carlson (Wright et al. 1963) , Rutz Lake (Waddington 1969) , and Pogonia Bog Pond and Stone Lake Tamarack Swamp (Swain 1979; Brugam & Swain 2000) , show similar patterns in vegetation during the Holocene. Tree pollen types declined and prairie taxa increased about 8000 BP, peaked about 6000 BP, and declined after 4000 BP (as late as 3000 BP at Rutz Lake). Prairie expansion has been described as far south as Clear Lake in north-central Iowa between 8000 and 5500 BP (Fig. 1a , Baker et al. 1992) , indicating broadly coherent vegetation changes at the prairie-forest border in this region. There were, however, some interesting geographical differences in the timing and magnitude of pollen percentage changes among southern Minnesota and northern Iowa lakes during the late glacial and early Holocene. Figures 1  and 4 show that Picea pollen percentages declined earliest (c. 11 700-11 000 BP) in the southernmost lakes (Kimble and Clear) compared with more northern lakes (Carlson, Sharkey, Kirchner, Pogonia, Rutz, Stone and Wolsfeld) , where Picea pollen declined between 10 500 and 9500 BP (Wright et al. 1963; Waddington 1969; Swain 1979; Grimm 1983; Baker et al. 1992; Brugam & Swain 2000) . The oldest deciduous-forest assemblages at the southernmost lakes (Sharkey, Kimble, Clear) contained much higher percentages of Ulmus pollen (40 -60%) than did those of the other records, which generally contained 20 -25% Ulmus, or as low as 10 -15% in the case of Rutz and Pogonia (Figs 1 and 4 ).
Discussion
Our results support a growing body of evidence documenting regional differences in the dynamics of the prairie-forest border in the upper mid-western USA, during the Holocene (Webb et al. 1983; Baker et al. 1992 Baker et al. , 2002 , and the complexity of long-term climatefire-vegetation interactions at this ecotone (Camill & Clark 2001; Clark et al. 2001) . The Kimble Pond and Sharkey Lake records clearly support Baker et al.'s (1992 Baker et al.'s ( , 2002 model, which indicates that most of south and central Minnesota and north-central Iowa were characterized by prairie expansion between 8000 and 5500 BP. As described previously (Webb et al. 1983; Baker et al. 1992; Wright 1992) , prairie expansion occurred much later to the south-east -in northeastern Iowa (Roberts Creek) and southern Wisconsin (Devil's Lake, Lima Bog) -which recorded the existence of deciduous forest until c. 5500 BP and subsequent expansion of the prairie-forest ecotone between 5500 and 3000 BP, possibly as a result of increasing influence of warm, dry Pacific air and decreasing Caribbean air at that time (Baker et al. 1992; Wright 1992) .
However, the overall floristic composition of the prairie-forest border in south-central Minnesota has been relatively stable throughout the Holocene despite significant changes in climate and fire. Taxa comprising the modern vegetation assemblage were established in this region by 9000 BP (Fig. 4) , and while the relative abundance of woody and herbaceous taxa changed substantially with climate, reflecting shifts in the relative importance of grassland and forest within the Big Woods landscape (Jacobson & Grimm 1986) , at no time during the Holocene did any of the modern taxa become regionally displaced. These observations support Grimm's (1983; 1984) hypothesis that landscape heterogeneity -in the form of water bodies and topographic relief -provided local refuges for bigwoods taxa, especially during humid periods when fire severity was greatest (Fig. 3k-n) . In this region, c. 20% of the core area of the Big Woods landscape (including Kimble and Sharkey) is wetland or lake compared with 5% further west in the adjacent prairie areas of the Big Woods region (C.E. Umbanhowar Jr, unpublished data), where vegetation composition changes in response to climate are more pronounced . Because landscape structure may impart significant inertia to the spatial movement of this ecotone, large changes in vegetation and fire may not be a universal response across grassland-woodland boundaries.
Our results are consistent with the hypothesis that climate controls vegetation composition and productivity directly, and both of these factors, in turn, control fire severity Clark et al. 2001) . Shifts in community composition were important for changes in fire severity. In both lakes, the rise in charcoal influx followed the shift from deciduous forest to peak dominance of grasses (Poaceae) and prairie forbs, which happened around 7000-6000 BP at Kimble Pond and 8000 BP at Sharkey Lake (Figs 3m,n and 4). If aridity were the primary factor controlling fire severity, charcoal influx would have risen simultaneously at both lakes c. 8000 BP, coincident with increasing aridity (Fig. 3a,b) . Furthermore, the period of maximum fire severity (Fig. 3k,l, Table 2 ) did not occur during the mid-Holocene (8250-4250 BP) increase in warming and aridity (Fig. 3a,b , Tables 2 and 3) . Instead, fire severity increased significantly after 4000 , with a shift to more humid (and presumably more productive) conditions, decline in the relative abundance of herbaceous taxa, and expansion of bigwoods taxa (Table 2 , Figs 3k-m and 4). The effect of community composition on fire is further illustrated by significantly lower fire severity during the early Holocene when the landscape was dominated by deciduous forest taxa (Tables 2 and 3 , Fig. 4 ). In this case, possible increased productivity during this humid period (Fig. 3a,b ) would have had little consequence on fire severity if the landscape were predominantly deciduous forest with lower litter flammability (Streng & Harcombe 1982; Fonteyn et al. 1984) . Collectively, these results imply that the shift from forest to prairie, and not aridity, increased fire severity initially in the mid-Holocene, followed by a further increase in fire severity caused by humid conditions and greater fuel production after 4000 BP when prairie taxa were still major components of the landscape, though not as dominant as from c. 8000 -4000 BP. It appears that fire severity is not a mechanism by which the prairie-woodland boundary is stabilized because deciduous forest taxa, especially Quercus, expanded during the period of greatest landscape burning over the last 12 500 years (Figs 3k,l and 4). Moreover, increased fire severity during humid periods did not feed back on vegetation composition because deciduous forest taxa abundance increased rather than the expected increase in herbaceous prairie taxa abundance.
The simultaneous increase in fire severity and expansion of forest species into prairie after 4000 BP has not been described previously and, initially, appears contradictory. However, both events can occur in a heterogeneous landscape during the probable climatic progression from warm /dry (c. 8250-4250 BP) to warm/humid (c. 4250-2450 BP) to cool/humid (c. 2450 -0 BP). Such conditions are documented in this study (Fig. 3a-h ) and from other lakes in Minnesota (Bartlein et al. 1984; Winkler et al. 1986; Bartlein & Whitlock 1993; Webb et al. 1993; Schwalb et al. 1995; Schwalb & Dean 2002) . At 4000 BP, both woody and herbaceous species were abundant in the landscape (Fig. 4) . Increased humidity most likely increased NPP of herbaceous taxa, fuel production and biomass consumption by fire (Briggs & Knapp 1995; Umbanhowar 1996; Burke et al. 1998; Paruelo et al. 1999; Fay et al. 2000; Lane et al. 2000; Knapp et al. 2001) (Fig. 3k,l) . It also increased the expansion of bigwoods taxa (Fig. 4) , possibly as a result of reduced moisture stress and fire frequency. Lengthening the fire return interval should promote an unstable assemblage by favouring the establishment of deciduous forest species (Grimm 1983; Archer 1990; Peterson & Reich 2001) , even in more productive landscapes with greater total biomass burning. Once established, the low flammability of forest litter (Streng & Harcombe 1982; Fonteyn et al. 1984) would reduce landscape-level fire severity and charcoal concentration recorded in lake sediment.
After c. 3000 BP, relatively humid conditions persisted as indicated by high ARM/IRM ratios (Fig. 3a,b) , and the expansion of oak forests probably further diminished fire (Figs 3k,l and 4) . There is little evidence for direct climatic control of fire severity, because during this period of relative climatic stability (Fig. 3a-d) , mean charcoal influx declined from 4.56-4.98 to 1.82 -1.95 mm 2 cm 2 year −1 (Table 3 , Fig. 3k-n) , coincident with the increased dominance of forest species and the shift to relatively inflammable fuels. By examining the relationship between combustion temperature and charcoal production, Umbanhowar & McGrath (1998) suggested an alternate hypothesis for why charcoal might increase during humid periods. They burned litter in a muffle furnace for 1 hour at temperatures of 300-500 °C and found that charcoal yield (weight charcoal: weight unburned material) declined with rising temperatures. It is possible that fires burned cooler during humid periods if fuels were consistently more moist, resulting in greater charcoal production without increased fire severity. Although this effect may occur to some extent, we believe that the primary response we observe in our data is the productivity effect on fire. The relationship between grassland NPP and precipitation is strong (Briggs & Knapp 1995; Burke et al. 1998; Paruelo et al. 1999; Fay et al. 2000; Lane et al. 2000; Knapp et al. 2001) , and the majority (> 90%) of herbaceous fuel is consumed in fires (Johnson & Risser 1975; Shea et al. 1996; Stocks & Kauffman 1997) . We suspect that, even during humid periods, there is sufficient opportunity for the drying of fine fuels like grasses and forbs. Finally, fires burning at cooler temperatures tend to produce charcoal that is qualitatively more brown than black in colour (Umbanhowar & McGrath 1998) . Almost all charcoal in Kimble Pond and Sharkey Lake was black, suggesting consistently high average burn temperatures at the landscape scale throughout the Holocene.
Increased charcoal concentrations during humid periods may also be a product of increased overland flow and higher soil erosion rates (Whitlock & Millspaugh 1995) . However, inorganic sediment and IRM declined during humid conditions (Fig. 3a,b,g,h) , indicating that this is probably not the case. In addition, neither lake has an inlet stream, and there was no indication from AMS 14 C dating (i.e. abnormal slope of the age-depth model or large reversals) that significant quantities of old charcoal from the landscape is being eroded and transported.
The degree to which fire frequency controls changes in community composition is not clear from our study. Our data cannot be used to test directly Grimm's (1983) hypothesis that decreased fire frequency caused the spread of deciduous bigwoods forest taxa because the resolution of charcoal concentration in this study (74-85 years) was too coarse to assess changes in fire frequency at time-scales meaningful to recruitment of fire-sensitive tree or shrub species (c. 3 -5 years, Peterson & Reich 2001; Heisler et al. 2003) . However, the shift to deciduous tree species during the humid period 3000-4500 BP when fire severity was at its peak is prima facie evidence that water stress limitations on tree recruitment and/or fire frequency declined during this period. Changes in fire seasonality might also affect vegetation (Grimm 1983; Clark et al. 2001) but would probably only affect relative shifts in herbaceous taxa (e.g. C3 vs. C4 grasses) rather than shifts between grasses and trees, which are controlled by fire frequency (Peterson & Reich 2001) . High-resolution fire records, such as annually laminated lake sediments, may allow assessments of how fire frequency, rather than severity, changes across large climate transitions. and FDE Fellowships from Carleton College. Sediment magnetic analyses were conducted at the Institute for Rock Magnetism, University of Minnesota. Special thanks go to M. Sharkey and B. Reichel for access to the lakes. We thank T. Brown at the Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, for assisting with the AMS 14 C dating and N. Nowinski for assistance with charcoal analysis. The following people were instrumental in assisting with field work: T. Jeffers, A. Matney, M. Swift, B. Welch and J. Lavine. P. Moore, L. Haddon and two anonymous reviewers made helpful comments on this manuscript.
